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1. INTRODUCTION {#jmv25928-sec-0010}
===============

The Middle East respiratory syndrome coronavirus (MERS‐CoV) is a major health hazard in several countries.[^1^](#jmv25928-bib-0001){ref-type="ref"} Like the severe acute respiratory system (SARS)‐CoV, the MERS‐CoV is transferred to humans from animal sources.[^2^](#jmv25928-bib-0002){ref-type="ref"} The MERS‐CoV was found to be transferred within human families, so that it caused a communicable disease.[^3^](#jmv25928-bib-0003){ref-type="ref"} The disease was initially found on the Arabian peninsula and it then spread to several countries around the world.[^4^](#jmv25928-bib-0004){ref-type="ref"}

Dendrimers are highly branched structures with repetitive sequences of monomers called dendrons. Dendrimers have three main components: (a) a core moiety, (b) branching units, and (c) surface groups.[^5^](#jmv25928-bib-0005){ref-type="ref"} The diameter of a dendrimer is nanosized, similar to certain globular proteins. For instance, the G4 polyamidoamine (PAMAM) dendrimer has a diameter of 4 nm, which is identical to the diameter of cytochrome c. The diameter of the G5 PAMAM is 5 nm, like that of hemoglobin. Therefore, dendrimers are considered to be biomimetics of synthesized proteins, but they have significantly better stability (protease resistance); more lack of complex beta‐sheets, coils, and loops of proteins; and a better intrinsic ability to bind drugs through their well‐defined internal cavities and surface functions.[^6^](#jmv25928-bib-0006){ref-type="ref"}

Dendrimers have unique structural features[^7^](#jmv25928-bib-0007){ref-type="ref"}: (a) their sizes vary from less than 2 nm to more than 10 nm, according to the number of dendrimeric generations. (b) Their monodispersity results from the formation of a uniform molecular structure. (c) They have a modifiable surface functionality because of their various chemical compositions or drug conjugates. (d) They have water solubility owing to the coating of their hydrophobic cores with charged molecules. (e) Their core compositions vary, especially their hydrophobic cores, and this attracts hydrophobic drugs. The mixed hydrophobic cores and charged surfaces can allow for the solubilization of hydrophobic drugs and modulation of their absorption, distribution, and other pharmacokinetic and pharmacodynamic properties.

Dendrimers have been shown to have unique intrinsic antimicrobial properties, including antiviral activities.[^8^](#jmv25928-bib-0008){ref-type="ref"} Dendrimers have been shown to have antiviral activity against the influenza virus,[^9^](#jmv25928-bib-0009){ref-type="ref"} human immunodeficiency virus,[^10^](#jmv25928-bib-0010){ref-type="ref"} and respiratory syncytial virus.[^11^](#jmv25928-bib-0011){ref-type="ref"} Dendrimers have different functional groups on their surfaces and can block the entry of a virus into cells either by cellular protection or by their direct effects on virus particles.[^12^](#jmv25928-bib-0012){ref-type="ref"} Previous studies revealed that the antiviral mechanism against the herpes simplex virus occurred during the early stages of infection, possibly during the adsorption of the virus to the cell.[^13^](#jmv25928-bib-0013){ref-type="ref"} This was shown by the poor efficiency of the dendrimers when they were added after the exposure of cells to the virus.

This study was carried out to interpolate the effect of the dendrimer size and variable terminal charge on the ability of MERS‐CoV to produce viral plaques in infected Vero cells. To the best of our knowledge, this is the first study to test the effect of dendrimers on this newly emerged fatal virus.

2. MATERIALS AND METHODS {#jmv25928-sec-0020}
========================

2.1. Dendrimers {#jmv25928-sec-0030}
---------------

All dendrimers were synthesized by Dendritech, Inc (Midland, MI). The dendrimer set included three different polyanionic dendrimers and one polycationic dendrimer. The polyanionic dendrimer sets comprised one and one‐half to five generations and three different terminal functional groups, the hydroxyl, carboxyl, and succinamic acid terminated PAMAMs. The polycationic dendrimers comprised primary amine terminal groups (Figure [1](#jmv25928-fig-0001){ref-type="fig"}). All dendrimers were prepared in dimethyl sulfoxide with 1‐mM stock. In this study, dendrimers with negative or positive charges were studied to evaluate their deleterious effects on the MERS‐CoV outer membrane. The negative‐charge, or polyanionic, dendrimers bore either sodium carboxylate (generations 1.5, 2.5, 3.5, and 4.5), hydroxyl (generations 2, 3, 4, and 5), or succinamic acid (generations 2, 3, 4, and 5). The positive‐charge, or polycationic, dendrimers contained primary amine (generations 2, 3, 4, and 5).

![The structure of G1 and G2 PAMAMs, showing the terminal 8 and 16 primary amine terminal groups, respectively. In this study, the PAMAM dendrimer terminal groups used were sodium carboxylate, primary amine, hydroxyl, and succinamic acid. PAMAM, polyamidoamine](JMV-9999-na-g001){#jmv25928-fig-0001}

2.2. Cell line and virus {#jmv25928-sec-0040}
------------------------

Vero cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA). The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 25 mM HEPES, 100 U/mL penicillin, and 100 µg/mL streptomycin in a CO~2~ incubator at 37°C. MERS‐CoV/KOR/KNIH/002_05_2015 was provided by the Korea Centers for Disease Control and Prevention (permission no. 1‐001‐MER‐IS‐2015001).

2.3. Virus amplification and quantification {#jmv25928-sec-0050}
-------------------------------------------

Vero cells (2 × 10^5^/well) were cultured in six‐well plates using DMEM media containing 10% FBS and incubated at 37°C overnight in a CO~2~ incubator. After rinsing with phosphate buffered saline (PBS), MERS‐CoV at multiplicity of infection 0.01 in 500 μL of PBS was added to each well and then incubated at 37°C in a CO~2~ incubator. After incubation for 1 hour, the supernatants were removed, 2 mL of DMEM/F12 medium (Thermo Fisher Scientific) was added, and the substance was incubated at 37°C in a CO~2~ incubator for 3 days. The virus culture supernatants were harvested and centrifuged at 2000 rpm for 10 minutes at 4°C. The amplified viruses were quantified by plaque assay. Vero cells (6 × 10^5^/well) were cultured in six‐well plates. The cells were cultured until a monolayer was formed at 37°C in a CO~2~ incubator, and then the cells were washed with PBS and infected with the amplified MERS‐CoV culture supernatants after a 10‐fold serial dilution. After incubation for 1 hour, the supernatants were removed and an overlay of DMEM/F12 medium (Thermo Fisher Scientific) containing 0.6% oxoid agar was placed over the cell monolayer. Plaques were allowed to develop for 72 hours at 37°C. Plates were stained with 0.1% crystal violet in 20% methanol for 1 hour, before enumeration. The resultant virus supernatants (5 × 10^6^ pfu/mL) were aliquoted at 400 µL per Eppendorf tube and stored in a deep freezer.

2.4. Plaque formation assay {#jmv25928-sec-0060}
---------------------------

The plaque reduction assay was performed as reported previously.[^14^](#jmv25928-bib-0014){ref-type="ref"} Briefly, Vero cells (6 × 10^5^)/well were cultured on six‐well plates (Thermo Fisher Scientific) for 12 hours. MERS‐CoV (600 pfu/well) was mixed with each dendrimer at a final concentration of 10 µM for 30 minutes at 37°C. The mixtures of MERS‐CoV and each dendrimer were treated to Vero cells in each well and then incubated for 1 hour. After incubation, the supernatants were removed, and a DMEM/F12 medium (Thermo Fisher Scientific) containing 0.6% oxoid agar was transferred to each well. Four days after infection, plaque formation was observed by staining with crystal violet, and the plaque numbers were counted.

3. RESULTS AND DISCUSSION {#jmv25928-sec-0070}
=========================

In this study, we focused on the first structure‐activity relationships of the dendrimers of various generations and their surface charges in the infectivity of MERS‐CoV.

G(1.5)‐16COONa was the most effective carboxylate polyanionic dendrimer, with a 40.5% decrease in MERS‐CoV plaque formation (Table [1](#jmv25928-tbl-0001){ref-type="table"}; Figure [2](#jmv25928-fig-0002){ref-type="fig"}). G(2.5)‐32COONa was inactive, and G(3.5)‐64COONa had 19.83% inhibition and G(4.5)‐128COONa had 29.17% inhibition.

###### 

Inhibition of MERS‐CoV infection by the dendrimers

                    Total plaque no.   \% Plaque no.
  ----------------- ------------------ ---------------
  Control (DMSO)    484                100.00
  G(1.5)‐16COONa    288                59.50
  G(2.5)‐32COONa    480                99.17
  G(3.5)‐64COONa    388                80.17
  G(4.5)‐128COONa   340                70.25
  G(2)‐16OH         400                82.64
  G(3)‐32OH         348                71.90
  G(4)‐64OH         340                70.25
  G(5)‐128OH        380                78.51
  G(2)‐16SA         356                73.55
  G(3)‐32SA         416                85.95
  G(4)‐64SA         400                82.64
  G(5)‐128SA        292                60.33
  G(2)‐16NH2        376                77.69
  G(3)‐32NH2        316                65.29
  G(4)‐64NH2        ND                 ND
  G(5)‐128NH2       ND                 ND

*Note*: Before MERS‐CoV infection in Vero cells, MERS‐CoV was incubated with one of 12 candidate dendrimers (10 µM) for 30 minute at 37°C and then the plaque formation assay was performed. The numbers of plaques on the quadrant of the plates were counted and then multiplied by four. The percentage of the MERS‐CoV infection in the samples pretreated with each dendrimer was compared with 1% DMSO treatment control.

Abbreviations: DMSO, dimethyl sulfoxide; MERS‐CoV, Middle East respiratory syndrome coronavirus; ND, not determined.
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![Screening of the dendrimers against MERS‐CoV infection. The plaque formation assay was performed with 12 dendrimers. Before MERS‐CoV infection, MERS‐CoV (600 pfu/well) was incubated with each dendrimer (10 µM) for 30 minutes at 37°C and then added to Vero cells to infect them with MERS‐CoV. After 4 days of incubation in DMEM/F12 containing 0.6% oxoid agar, the plaques were revealed by staining with crystal violet and counted. +DMSO indicates treatment with 1% DMSO. DMSO, dimethyl sulfoxide; MERS‐CoV, Middle East respiratory syndrome coronavirus](JMV-9999-na-g002){#jmv25928-fig-0002}

The hydroxyl polyanionic set was weaker than the sodium carboxylates, showing 17.36% to 29.75% in the MERS‐CoV plaque formation. Succinamic acid generations 2 and 5 produced 26.45% and 39.77% inhibition, respectively.

Primary amine‐terminated PAMAM dendrimers were severely cytotoxic. G(2)‐16NH2 and G(3)‐32NH2 produced a 22% and 44% decrease, respectively, in MERS‐CoV plaque formation. However, G(4)‐64NH2 and G(5)‐128NH2 were severely cytotoxic.

Most of the toxic effects of the dendrimers came from their size or surface charge, which interacted with the lipids of cell membranes. Cationic dendrimers were more toxic to human and animal cells, whereas anionic dendrimers had safe profiles.[^15^](#jmv25928-bib-0015){ref-type="ref"} Cell membranes bore a negative charge, which by electrostatic interactions could attract cationic dendrimers to their surfaces. Therefore, larger generations of charged dendrimers had higher degrees of toxic effects on cell membranes. Higher‐numbered dendrimer generations with a more positive surface charge could attract and lyse the lipids in cell membranes, resulting in cytotoxicity.[^16^](#jmv25928-bib-0016){ref-type="ref"} Lower‐numbered generations of cationic dendrimers could distribute readily to the inside of cells, allowing the rapid intracellular delivery of drugs by their attraction to cell membranes. Besides, the cell penetration capacity of noncharged dendrimers depended on the polarity of their terminal moieties, so that nonpolar substitutions could readily penetrate cell membranes, and vice versa.[^17^](#jmv25928-bib-0017){ref-type="ref"} Fortunately, the in vivo toxicity in whole animals was lower compared with that in isolated cell culture experiments.[^18^](#jmv25928-bib-0018){ref-type="ref"} For example, the PAMAM dendrimer was nontoxic up to G5, and toxicity was observed in up to G7 in mice.[^19^](#jmv25928-bib-0019){ref-type="ref"} Based on these previously estimated data, G(1.5)‐16COONa with terminal 16 negative groups can be recommended for further anti‐MERS‐CoV studies and for application in antiviral preparations owing to its safety and intrinsic antiviral activity. This agrees with previous findings on the effect of anionic citrate‐PEG‐citrate dendrimers, which showed the strongest anti‐HIV activity by G2 dendrimers.[^20^](#jmv25928-bib-0020){ref-type="ref"} Furthermore, G3 sulphated and G2 naphthylsulphonated carbosilane dendrimers were the most effective antivirals against HIV.[^21^](#jmv25928-bib-0021){ref-type="ref"}

There were several trials for the development of new therapeutics against MERS‐CoV. Three new small‐molecule fusion inhibitors were developed by targeting the fusion core protein.[^22^](#jmv25928-bib-0022){ref-type="ref"} The natural phenolic derivative resveratrol showed potent anti‐MERS‐CoV actions accompanied by a lower expression of nucleocapsid and a reduced viral RNA expression and MERS‐CoV yield.[^23^](#jmv25928-bib-0023){ref-type="ref"} Several short peptides were effective fusion inhibitors against MERS‐CoV in the low nanomolar range.[^24^](#jmv25928-bib-0024){ref-type="ref"} Small‐molecule inhibitors were also found for MERS‐CoV papain‐like protease, including the main protease and the proteases miscellaneously acting on host proteins or interfering with virus entry and replication.[^24^](#jmv25928-bib-0024){ref-type="ref"} Future studies are required on the combination of several dendrimers for checking the potential synergistic actions. Because dendrimers interact with lipid membranes, further studies are needed of them in combination with other anti‐MERS‐CoV agents that act on the extracellular or intracellular stages of the virus replication cycle.

4. CONCLUSIONS {#jmv25928-sec-0080}
==============

In establishing a structure‐activity relationship of cationic and anionic dendrimers against MERS‐CoV, 16 dendrimers with various generations and terminal charges were used. The dendrimers at a final concentration of 10 µM were mixed with the MERS‐CoV before the infection of Vero cells. Most dendrimers produced a variable degree of inhibitory activity on plaque formation. Among them, G(1.5)‐16COONa and G(5)‐128SA were the strongest, with ∼40% decrease in MERS‐CoV plaque formation. These dendrimers can be a base for further modifications and inclusions in antiviral therapy.
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